INTRODUCTION
The long bones form by the process of endochondral ossification, during which a cartilage template is first laid down, then subsequently removed and replaced by bone (Colnot, 2005; Karsenty and Wagner, 2002; Olsen et al., 2000; Ortega et al., 2004; Provot and Schipani, 2005) . During embryogenesis, at the sites of the future skeletal elements, mesenchymal cell condensations form, within which precursor cells differentiate into chondrocytes that proceed through a defined series of proliferative and morphogenetic steps to form a cartilage template. This cartilage template or anlagen contains less mature cells at the two ends and progressively more mature cells toward the middle. As chondrocytes mature, they hypertrophy and secrete a specialized extracellular matrix (ECM) containing collagen X, a collagen that is specific to hypertrophic cartilage (HC). The HC ECM is subsequently mineralized and invaded by blood vessels from the perichondrium. Vascular invasion is immediately preceded by invasion by preosteoclasts that remove the HC ECM. Concurrent with vascular invasion, osteoblasts are recruited and produce bone ECM. The chondrocytes at the ends of the cartilage template continue to proliferate and mature to form more HC, which in turn is continually removed and replaced with bone. This process of endochondral ossification results in longitudinal bone growth and in a thin layer of HC at the two ends of the bone whose size is relatively constant. Dysregulation of this complex and highly coordinated process result in abnormal bone formation seen in many of the skeletal dysplasias, and its abnormal activation may lead to heterotopic ossification (Cohen, 2000a; Cohen, 2000b; Cohen, 2006) .
Numerous studies have contributed to characterization of the precise interplay of diverse factors that regulate HC differentiation, vascular invasion, ECM degradation, and bone formation and remodeling (Colnot, 2005) . Among them, hypoxia induced factor 1-a (HIF1-a) and one of its targets, vascular endothelial growth factor (VEGF), are crucial in controlling chondrocyte survival, proliferation, angiogenesis and bone formation (Gerber et al., 1999; Schipani et al., 2001; Zelzer et al., 2004) . Some ECM molecules are also essential: Col2a1 null mice lack endochondral ossification (Li et al., 1995) and perlecan null mice display chondrodysplasia (Arikawa-Hirasawa et al., 1999; Gustafsson et al., 2003) . Several 
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Long bone development depends on endochondral bone formation, a complex process requiring exquisite balance between hypertrophic cartilage (HC) formation and its ossification. Dysregulation of this process may result in skeletal dysplasias and heterotopic ossification. Endochondral ossification requires the precise orchestration of HC vascularization, extracellular matrix remodeling, and the recruitment of osteoclasts and osteoblasts. Matrix metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF) and osteoclasts have all been shown to regulate endochondral ossification, but how their function interrelates is not known. We have investigated the functional relationship among these regulators of endochondral ossification, demonstrating that they have complementary but non-overlapping functions. MMP-9, VEGF and osteoclast deficiency all cause impaired growth plate ossification resulting in the accumulation of HC. VEGF mRNA and protein expression are increased at the MMP-9-/-growth plate, and VEGF activity contributes to endochondral ossification since sequestration of VEGF by soluble receptors results in further inhibition of growth plate vascularization and ossification. However, VEGF bioavailability is still limited in MMP-9 deficiency, as exogenous VEGF is able to rescue the MMP-9-/-phenotype, demonstrating that MMP-9 may partially, but not fully, regulate VEGF bioavailability. The organization of the HC extracellular matrix at the MMP-9-/-growth plate is altered, supporting a role for MMP-9 in HC remodeling. Inhibition of VEGF impairs osteoclast recruitment, whereas MMP-9 deficiency leads to an accumulation of osteoclasts at the chondro-osseous junction. Growth plate ossification in osteoclast-deficient mice is impaired in the presence of normal MMP-9 expression, indicating that other osteoclastic functions are also necessary. Our data delineate the complementary interplay between MMP-9, VEGF and osteoclast function that is necessary for normal endochondral bone formation and provide a molecular framework for investigating the molecular defects contributing to disorders of endochondral bone formation.
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matrix metalloproteinases (MMPs) are also crucial for endochondral ossification and bone formation, notably MMP-9 (Vu et al., 1998) , MMP-14 (Holmbeck et al., 1999; Holmbeck et al., 2003; Zhou et al., 2000) and MMP-13 (Inada et al., 2004; Stickens et al., 2004) . In humans and mice, MMP-2 contributes to bone homeostasis but not to endochondral ossification (Egeblad et al., 2007; Inoue et al., 2006; Martignetti et al., 2001; Mosig et al., 2007; Tuysuz et al., 2009) .
MMP-9-/-mice show impeded vascularization and ossification of HC at the growth plate, resulting in a lengthened HC zone with accumulation of late HC (Ortega et al., 2005; Vu et al., 1998) . The delayed ossification may be the result of an imbalance between angiogenic and anti-angiogenic activities at the MMP-9-/-growth plate, since MMP-9-/-HC explants show delayed release of angiogenic activities (Vu et al., 1998) . One of these angiogenic activities may be VEGF function. Sequestration of VEGF activity by soluble VEGF receptor results in inhibition of endochondral ossification and accumulation of HC similar to, albeit more severe than, that seen in MMP-9 deficiency (Gerber et al., 1999) . Decreasing VEGF expression in HC by gene targeting using Cre-lox technology also gives similar results (Haigh et al., 2000) . Mice that express only the VEGF120 soluble isoform also show defects in cartilage vascularization and endochondral ossification (Maes et al., 2002; Zelzer et al., 2002) . However, mice expressing only VEGF164, or only VEGF188, have normal endochondral ossification of metaphyseal growth plates, although the VEGF188 mice have abnormal epiphyses with increased cell apoptosis and delayed secondary ossification (Maes et al., 2004) . These studies suggest a model whereby normal endochondral ossification requires restricted VEGF bioavailability that might be regulated by MMPs through ECM remodeling.
Based on this model, we proposed that VEGF synthesized by hypertrophic chondrocytes would be sequestered in the HC ECM, and that MMP-9 degrades ECM molecules leading to the release of bound VEGF. Indeed, this seems to be the case in models of pancreatic islet carcinogenesis and glioblastoma (Bergers et al., 2000; Du et al., 2008) . However, despite the expected matrix remodeling function of MMP-9, there are no direct data defining the relationship between VEGF and MMP-9 in the context of matrix remodeling in postnatal endochondral ossification. In this study we explore the mechanisms whereby VEGF and MMPs synergize to drive endochondral bone formation.
RESULTS

VEGF accumulates in late hypertrophic chondrocytes in MMP-9-deficient mice during postnatal endochondral ossification
Since there is defective growth plate ossification in both MMP-9 and VEGF deficiency, and an apparent imbalance in angiogenic activities in the MMP-9-/-HC (Gerber et al., 1999; Vu et al., 1998) , we first asked whether VEGF expression or function is limiting at the MMP-9-/-growth plates. We previously showed that Vegf (also known as Vegfa) mRNA is expressed in the most mature HC in normal mice (Gerber et al., 1999; Vu et al., 1998) . Here, we compared the VEGF mRNA and protein patterns in wild-type (WT) mice with MMP-9-/-mice. In situ hybridization showed strong expression of Vegf mRNA by HC in both WT and MMP-9 null growth plates ( Fig. 1A-D) . However, the area of Vegf expression in MMP-9-/-growth plates is expanded compared with that in WT growth plates, consistent with the expanded zone of HC. VEGF immunostaining showed that the zone of VEGF protein expression is also expanded in the MMP-9-/-growth plate (Fig. 1E,F) . Notably, the zone of the VEGF protein expression was larger compared with that of Vegf mRNA expression, and included the upper HC in both WT and MMP-9-/-growth plates. This is probably the result of persistence of the VEGF protein in the surrounding ECM, even when the cells have decreased their expression of mRNA. The increase in VEGF protein expression in the MMP-9 growth plates was confirmed by western blotting of protein extracts from WT and MMP-9-/-growth plate HC, which, in addition, showed that the main isoform of VEGF that was expressed was VEGF164 (Fig. 1G) . Interestingly, we observed smaller forms of VEGF migrating around 28 kDa in HC from both WT and MMP-9-/-HC (Fig. 1G) . Considering its molecular weight, this form may be the plasmin-processed form of VEGF, since the plasminogen system is expressed in fetal bones and plays a role in endochondral ossification (Daci et al., 2003; Hackel et al., 1995) . These smaller forms of VEGF were noted only in the samples with intact perichondrium, suggesting that this is where this processing takes place (Fig. 1G ).
MMP-9 deficiency does not impair VEGF release and activity
Although there is abundant expression of VEGF, the impaired ossification at the MMP-9-/-growth plates may still be because of limiting VEGF activity if VEGF is sequestered and not released efficiently. To determine whether VEGF release from HC is impaired in MMP-9 deficiency, we compared VEGF released from the ossification fronts (including the bone-cartilage interface and the last few rows of hypertrophic chondrocytes) of WT and MMP-9-/-growth plate HC. We found that there was no difference in the amount of VEGF released into growth medium in the absence of MMP-9 (Fig. 1H) . Addition of active, purified MMP-9 did not increase VEGF release from the cartilage explants (data not shown).
We next determined whether VEGF activity contributes to vascularization and ossification of the MMP-9-/-growth plate. We inhibited VEGF activity in vivo using soluble VEGF receptors. Administration of mFlt(1-3)-IgG systemically to MMP-9-/-mice by daily intraperitoneal injection for 10 days resulted in further accumulation of HC in the treated mice. The treated HC zone was approximately 20% longer than control HC ( Fig. 2A-C) . As has been seen with mFlt(1-3)-IgG treatment of WT mice (Gerber et al., 1999) , there was inhibition of vascular growth into HC. Platelet/endothelial cell adhesion molecule-1 (PECAM-1) immunostaining showed a reduced number of metaphyseal capillaries running parallel to hypertrophic chondrocyte columns in the treated mice (Fig. 2D,E) . Bone formation was also inhibited, with a shortened trabecular bone region. There were few primary trabeculae, and the secondary trabeculae were shortened and thicker in the treated mice (Fig. 2F,G) . These data show that active VEGF is present and contributes to the vascularization and ossification of HC in the absence of MMP-9.
Exogenous VEGF partially normalizes the MMP-9 deficiency phenotype We next asked whether bioavailable VEGF could still be limiting in MMP-9 deficiency. We determined whether exogenous VEGF could rescue the MMP-9-/-phenotype. We administered recombinant human VEGF165 systemically to 1-week-old MMP-9 null mice by daily intraperitoneal injection. After 1 week of treatment, there was a 35% reduction in the length of the HC zone
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in the treated mice (Fig. 3A,B,F ). Continuing treatment with VEGF165 for 2 weeks did not further reduce the length of MMP-9-/-HC, which was still significantly larger than WT HC (Fig.  3C-F ). An increase in the size of the trabecular bone region in the treated mice accompanied the reduction in the size of the HC zone (Fig. 3G,H) . The decrease in HC zone size was not because of a decrease in chondrocyte proliferation. The populations of proliferative chondrocytes that incorporated bromodeoxyuridine (BrdU) were similar in both untreated and treated mice (Fig. 3I,J) . Thus, exogenous VEGF was able to partially overcome the effects of MMP-9 deficiency, and enhance ossification of MMP-9-/-HC, thus stimulating HC exit from the growth plate, ECM remodeling and trabecular bone formation.
MMP-9 deficiency affects the organization of the hypertrophic chondrocyte matrix
The partial normalization obtained with VEGF treatment, and the fact that we could not detect a defect in VEGF release from the MMP-9-/-growth plate suggests that MMP-9 contributes an additional function besides regulating VEGF bioavailability. Angiogenesis at the growth plate requires both endothelial cell growth stimulated by angiogenic factors and ECM degradation to allow for vascular invasion. The activity of MMP-9 may be necessary to degrade the ECM for path clearing, as well as for regulation of sequestered VEGF. We therefore determined whether there are alterations in ECM remodeling at the MMP-9-/-growth plates. A detailed analysis of the hypertrophic area of postnatal metatarsals from WT or MMP-9-/-mice stained with Safranin-O showed that accumulation of HC correlates with a decrease of Safranin-O staining in MMP-9-/-mice ( Fig. 4A,B) , indicating a loss of matrix proteoglycans. Semi-thin sections stained with Toluidine Blue showed disorganized columns and thickening of the ECM pericellular to the hypertrophic chondrocytes, and delimiting the lacuna, in MMP-9-/-growth plates (Fig. 4C,D) . Electron microscopy studies confirmed these differences: granular staining characteristic of proteoglycans was less dense in MMP-9-/-samples, concomitant with a clear increase in collagen fibril density (Fig. 4E,F ). In the most distal 
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rows of hypertrophic chondrocytes, the transverse septa showed striking differences between WT and MMP-9-/-samples. In WT samples, a progressive lysis of the last transverse septa eventually allows vascular invasion and elimination of condensed or apoptotic chondrocytes (Fig. 4G,I ). In MMP-9-/-samples, transverse septa were thicker and denser with accumulation of large collagen type I fibers right under the septa (Fig. 4H ,J). Higher magnification of the last transverse septa showed that, in WT samples, collagen fibrils are completely degraded on the bone marrow side, whereas in MMP-9-/-samples, collagen fibrils were still visible and dense (Fig. 4I,J) . These results suggest that ECM remodeling is impaired in MMP-9 deficiency.
Either MMP-9 deficiency or VEGF inhibition results in an accumulation of cleaved collagen II at the cartilage-bone junction Besides stimulating endothelial cell growth and morphogenesis, VEGF recruits osteoclasts, which in turn secrete ECM degrading enzymes (Gerber et al., 1999) . Thus, the activities of VEGF and MMP-9 may complement each other. In previous work we showed that MMP-9 and MMP-13 co-operate in the degradation of cartilage type II collagen (Engsig et al., 2000; Stickens et al., 2004) . To further determine the relationship between VEGF and MMP-9 function in ECM degradation during endochondral ossification, we analyzed samples for the presence of a degraded MMP substrate, cleaved type II collagen, at the ossification front. Immunostaining with an antibody that specifically recognizes a neoepitope on the N-terminal 3/4-length collagen fragments resulting from collagenase cleavage (Billinghurst et al., 1997) demonstrated the presence of the specific cleaved type II collagen fragments in a thin line at the cartilage-bone junction in the WT growth plate (Fig.  5A ). The zone of staining slightly increased in the MMP-9-/-mice, suggesting that cleaved collagen fragments accumulate as a result of MMP-9 deficiency (Fig. 5B ). Both MMP-13 and MMP-14 (MT1-MMP) can cleave type II collagen and both are expressed at the cartilage-bone junction. Thus, the accumulation may be secondary to the lack of MMP-9 activity, which would further degrade and solubilize the collagen fragments cleaved by MMP-13 and/or MMP-14. Alternatively, it may be secondary to the induction of MMP-13 or other enzyme activities that can generate these cleaved type II collagen fragments. Indeed, as shown below (Fig. 8) , we observed the increased expression of MMP-13 in the expanded HC zone in the MMP-9-/-growth plates, which may account for this increase in collagen II cleavage.
Inhibition of VEGF activity in MMP-9-/-growth plates by treatment with mFlt(1-3)-IgG resulted in a slight further enlargement of the zone of cleaved type II collagen staining (Fig.  5C,D) . These data suggest that VEGF activity also modulates the local balance of ECM degrading activities at the ossification front. MMP-9 is not sufficient for normal endochondral ossification without osteoclasts MMP-9 is expressed not only by osteoclasts and their progenitors, but also by TRAP-negative cells at the chondro-osseous junction (Fig. 5E,F) . We previously showed that reconstitution of MMP-9 expression in the hematopoietic, and thus the osteoclast, lineage by bone marrow transplantation is sufficient to restore normal endochondral ossification of the MMP-9-/-growth plates (Vu et al., 1998) . We therefore postulated that MMP-9 expression by nonosteoclasts is not crucial in this process. To test this hypothesis, we investigated mice with null mutations in c-Fos, Csf1, PU.1 (also known as Sfpi1) and Rank (also known as Tnfrsf11a), which are required for osteoclast development. Mice with null mutations in any of these genes are osteopetrotic owing to the absence of osteoclasts (Dougall et al., 1999; Grigoriadis et al., 1994; Li et al., 2000; Marks and Lane, 1976; McKercher et al., 1996; Tondravi et al., 1997; Yoshida et al., 1990) . We found that mice that were deficient in any of these factors displayed increased HC zones at the growth plates, consistent with defective endochondral ossification (Fig. 6A,C 
We next asked whether this phenotype was associated with reduced MMP-9 expression at the growth plates. Except for the c- 
Fos null growth plates, which showed decreased MMP-9 expression (Fig. 6B,D) , all the other osteoclast-deficient growth plates showed normal levels of MMP-9 protein expression by immunohistochemistry (Fig. 6F ,H,J,L,N,P), suggesting that there may be a compensatory increase in expression of MMP-9 by the TRAP-negative non-osteoclastic cells. The decreased expression of MMP-9 in c-Fos-/-growth plates may reflect the regulation of MMP-9 expression by c-Fos (Bischof et al., 2003) . The normal expression of MMP-9, coupled with impaired endochondral ossification in the osteopetrotic mice, indicates that MMP-9 expression by non-osteoclasts is not sufficient to drive the ossification process normally and that another osteoclastic function is required for normal endochondral ossification.
MMP-9 deficiency leads to accumulation of TRAP-positive cells at the chondro-osseous junction, which is reversed by VEGF treatment
The requirement of osteoclast function suggests their recruitment might be an essential regulatory mechanism of endochondral bone formation. During primary ossification, osteoclast recruitment into the cartilage anlagen requires MMP-9 activity (Engsig et al., 2000) . We therefore determined whether impaired osteoclast recruitment might contribute to the defect in HC ossification at the MMP-9-/-growth plates. We compared the number of multinucleated (fully differentiated osteoclasts) and mononucleated (osteoclast precursors) TRAP-positive cells along the chondro-osseous junction between WT and MMP-9-/-mice. Surprisingly, compared with WT, MMP-9-/-mice showed significantly increased numbers of both multinucleated osteoclasts (WT, 3.0±0.4, versus MMP-9-/-, 6.5±0.8; P<0.01) and mononucleated cells (WT, 4.8±0.4, versus MMP-9-/-, 8.5±0.9; P<0.01) along the total length of the chondro-osseous junction (Fig. 7A-C) . These results show that MMP-9 is not necessary for osteoclast recruitment during growth plate ossification, and that impaired osteoclast recruitment is not a cause of the defective ossification in the MMP-9-/-growth plates. This is in contrast to the function of VEGF, which is necessary for osteoclast recruitment in both primary ossification of the cartilage anlagen (Maes et al., 2002; Zelzer et al., 2002) and during growth plate ossification (Gerber et al., 1999) .
We next determined the effect of exogenous VEGF on osteoclast recruitment at the MMP-9-/-growth plate. We assessed the number of TRAP-positive cells at the chondro-osseous junction of 1-week-old MMP-9-/-mice treated for 1 week with either vehicle alone or VEGF. Surprisingly, MMP-9-/-mice treated with VEGF had a decreased number of mononuclear TRAP-positive cells compared with mice treated with vehicle alone (control, 7.7±0.7, versus VEGF treated, 3.8±0.4; P<0.01) (Fig. 7D-F) . Thus, the improvement in vascularization and ossification of MMP-9-/-HC by exogenous VEGF is associated with normalization of osteoclast number at the chondro-osseous junction.
Other MMPs contribute to endochondral ossification in the absence of MMP-9 Since MMP-9 alone is not sufficient for normal endochondral ossification without osteoclasts, which also express other MMPs, we asked whether the activity of other MMPs might be necessary. We found high expression of MMP-13 and MMP-14 at the cartilage-bone junction by in situ hybridization (Fig. 8A-D) . MMP-13 expression was observed in terminal hypertrophic chondrocytes and in cells on the trabecular bone surfaces (Fig. 8A) , consistent with previously reported results (Inada et al., 2004; Stickens et al., 2004) . MMP-14 expression was seen in cells at the cartilage-bone junction, which may be (pre)osteoclasts, as well as in cells along 
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the trabecular bone, and in the perichondrium (Fig. 8C) . The pattern of expression of MMP-13 and MMP-14 in the MMP-9 null growth plate resembled that in the WT mice, except that their expression levels were increased slightly (Fig. 8B,D) . In addition, there was a larger zone of expression of MMP-13 in the late hypertrophic chondrocytes in the expanded HC zone in the MMP-9-/-mice (Fig. 8D) .
To determine whether inhibition of all MMP activity would further inhibit endochondral ossification, we treated MMP-9-/-mice systemically by daily intraperitoneal injection with GM6001, a broad-spectrum inhibitor of MMPs. After 1 week of treatment, the HC zone in the treated mice further lengthened, increasing by approximately 25% in length (Fig. 9A,B,E) . This became more pronounced after 2 weeks of treatment, with a 65% length increase ( Fig. 9C-E) . Vascularization was completely inhibited in the treated mice. PECAM-1 immunostaining showed that there were no metaphyseal capillaries that ran parallel to the HC columns, as seen in the control mice. Instead, there were dilated vascular spaces running perpendicular to the HC (Fig. 9F,G) . Bone formation was also affected. Primary trabeculae were not present, and the secondary trabeculae became a large mass of bone (Fig. 9H,I ). 
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Since the trabecular bone phenotype resulting from the inhibition of all MMPs may be because of inhibition of bone remodeling, we next determined whether the treated mice showed an abnormal osteoclast number by staining for TRAP activity, a marker of osteoclasts. We observed large numbers of osteoclasts both at the cartilage-bone junction and on the trabecular bone surfaces in the treated mice (Fig. 9J,K) , indicating that the abnormal bone remodeling in the treated mice was probably due to an alteration in osteoclastic activity and not in osteoclast number.
DISCUSSION
In this study we explored the functional relationships between MMP-9, VEGF and osteoclasts at the growth plate during endochondral bone formation. Our results demonstrated that all of these components are necessary for normal endochondral ossification and that their functions are interdependent (Fig. 10) . MMP-9 may degrade ECM components to regulate angiogenesis either by path clearing or by regulating the bioavailability of sequestered growth factors such as VEGF. VEGF not only regulates angiogenesis, but also regulates the recruitment of other crucial cells such as osteoclasts. Osteoclasts function by providing MMP-9 activity, as well as other MMPs, which contributes to HC turnover and bone ECM remodeling.
The functions of VEGF and MMP-9 in endochondral ossification do not completely overlap
Previous studies have suggested that the function of MMP-9 in endochondral ossification is to release VEGF that is sequestered in the ECM. The accumulation of HC is seen in mice that are deficient in MMP-9, treated with a VEGF inhibitor, or with conditional deletion of the Vegf gene in cartilage (Gerber et al., 1999; Haigh et al., 2000; Vu et al., 1998) . In addition, MMP-9-deficient HC shows a delayed recruitment of capillaries in vitro (Vu et al., 1998) . Our data now show that the functions of MMP-9 and VEGF, while synergistic, do not completely overlap, and thus the MMP-9-/-phenotype results from more than a defect in VEGF release. VEGF mRNA and protein are abundant in the MMP-9-/-HC. VEGF release from the MMP-9-/-HC is not impaired in vitro, 
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and there is VEGF activity contributing to the vascularization and ossification of the MMP-9-/-growth plates. In addition, administration of exogenous recombinant VEGF to MMP-9-/-mice only partially rescues the phenotype. Thus, although VEGF bioavailability may be limiting in MMP-9 deficiency, our data suggest that MMP-9 is also necessary for other processes unrelated to the release of VEGF.
Osteoclasts are essential for normal endochondral ossification and are regulated differently by MMP-9 and VEGF Osteoclasts are well-known matrix-resorbing cells and their presence at the chondro-osseous junction suggests that they contribute to endochondral ossification by secreting ECMdegrading enzymes. However, cells that express MMP-9, but that are TRAP negative, are also present at the chondro-osseous junction and may also contribute to ECM degradation. We predicted that, in the absence of osteoclasts, non-osteoclastic cells expressing MMP-9 would contribute to growth plate remodeling. Consistent with this model, we found that mice lacking osteoclasts showed MMP-9 expression in non-osteoclastic cells and display milder defects in growth plate ossification than those seen in MMP-9 deficiency. These non-osteoclastic MMP-9-expressing cells may function as the TRAP-negative 'chondroclasts' . The four different genetically osteopetrotic mice point to primarily osteoblasts and their progenitors as the non-osteoclast MMP-9-expressing cells: Rank-/-mice have no osteoclasts but still have mononuclear phagocytes; Fos-/-mice have no osteoclasts but have an excess of macrophages and monocytes; Csf1 op/op mice have no osteoclasts and very few monocytes and macrophages; and PU.1 -/-mice lack myeloid cells (Dougall et al., 1999; Grigoriadis et al., 1994; Li et al., 2000; Marks and Lane, 1976; McKercher et al., 1996; Tondravi et al., 1997; Yoshida et al., 1990) . From their location, the TRAPnegative cells that express MMP-9 are presumably osteoblasts, their progenitors, or other mesenchymal cells that can express MMP-9 (Heissig et al., 2002) . However, since HC does accumulate in osteopetrotic mice in the presence of MMP-9 expression, it is clear that MMP-9 produced by these TRAP-negative 'chondroclasts' is not sufficient for normal growth plate ossification. Whether this owes to a defect in MMP-9 activation or to other products made by osteoclasts remains to be determined. Clearly other MMPs, which are produced by osteoclasts, contribute, as further inhibition of MMPs in MMP-9-/-growth plates resulted in complete inhibition of endochondral ossification. For C and F, mononucleated and multinucleated TRAP+ cells were counted under the microscope at a 40ϫ magnification and expressed as the total number of TRAP+ cells along the total length of the chondro-osseous junction. The counting was performed on a minimum of three mice per group, using both hind limbs, and on three to six different sections, with three metatarsals per section, for each hind limb. The results are expressed as mean ± standard error of the mean (S.E.M.). The results were statistically significant (P<0.01) between WT and MMP-9-/-samples for both cell populations in C, and between VEGF treated and untreated samples for the mononuclear population in F. The results were not statistically significant between VEGF treated and untreated samples for the multinuclear population in F. 
VEGF regulates osteoclast recruitment during formation of the primary ossification site, as well as during growth plate ossification (Engsig et al., 2000; Gerber et al., 1999; Maes et al., 2002; Zelzer et al., 2002) . It also regulates osteoclastic differentiation and function (Aldridge et al., 2005; Niida et al., 2005; Zelzer and Olsen, 2005) . Similar to VEGF, MMP-9 positively regulates osteoclast recruitment during primary ossification (Engsig et al., 2000) . Surprisingly, MMP-9 deficiency resulted in an increased number of osteoclasts at the chondro-osseous junction. Whether this is due to a compensatory mechanism that increases the recruitment of cells with ECM-degrading activities to overcome the MMP-9 deficiency or to negative regulation of osteoclast recruitment during growth plate ossification by MMP-9 remains to be elucidated. It is also possible that MMP-9 is required for osteoclast invasion of HC, either by degrading the ECM or by regulating the bioavailability of osteoclast chemotatic factors, and thus its deficiency causes osteoclasts to accumulate at the chondro-osseous junction.
Interestingly, administration of exogenous VEGF did not recruit more osteoclasts, but rather resulted in a reduction in their numbers, at the MMP-9-/-chondro-osseous junction. The additional VEGF appeared to act differentially on the recruitment of osteoclast progenitors, because exogenous VEGF decreased the number of mononuclear TRAP-positive cells to a greater extent than the multinucleated population. The improved angiogenesis and ossification by exogenous VEGF may negate the need for compensatory recruitment of ECM-resorbing cells. However, VEGF also affects the formation and/or function of osteoblasts (Hiltunen et al., 2003; Maes et al., 2002; Street et al., 2002; Zelzer et al., 2002) , which are known to modulate osteoclast formation. Thus, exogenous VEGF may also reduce osteoclast number through its effects on osteoblasts. We conclude that the effect of VEGF on osteoclasts is not simply to increase recruitment, but varies depending on the complex interplay of many different factors.
MMPs and VEGF have different effects on bone turnover
In contrast to the synergistic control of cartilage vascularization, the functions of VEGF and MMPs differ in the regulation of bone homeostasis. Inhibition of VEGF activity led to fewer primary trabeculae, and thick and shortened secondary trabeculae, suggesting defects in bone formation. This is consistent with previous studies showing that VEGF regulates osteoblast differentiation and function (Hiltunen et al., 2003; Maes et al., 2002; Midy and Plouet, 1994; Street et al., 2002; Zelzer et al., 2002) . However, inhibition of all MMPs resulted in both the absence of primary trabeculae and a thick mass of secondary trabeculae that seemed to have fused together; this suggests defects in both bone formation and resorption. MMP activity may be necessary for bone formation by having a direct effect on osteoblast function or through its ECM-degrading activity that may release factors such as VEGF or transforming growth factor (TGF)-b, which in turn act 
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on osteoclasts and osteoblasts. Significant numbers of osteoclasts are present on the bone surfaces of GM6001-treated mice, suggesting that the defect in bone resorption is the result of inhibition of secreted MMP activity and not because of a lack of osteoclasts.
METHODS
Animal studies
MMP-9-/-mice have been described previously (Vu et al., 1998) . The treatment of mice was by daily intraperitoneal injection. The following doses were used: recombinant human VEGF165 (Genentech, South San Francisco, CA) in PBS at 10 mg/mouse; mFlt(1-3)-IgG (Genentech) or control IgG in PBS at 25 mg/g; GM6001, which was made as a slurry in 4% carboxymethyl cellulose, at 100 mg/g. The GM6001 was a gift from Dr Richard Galardy. We are grateful to Dr Adrian Erlebacher for providing samples from c-Fos-/-mice and their WT littermates (Erlebacher et al., 1998) ; Dr S. R. McKercher for providing PU.1 -/-mice; and Dr Jacques Peschon for providing Rank-/-mice (Dougall et al., 1999; McKercher et al., 1996) . The Csf1 op/op mice were purchased from Jackson Labs.
Histological analysis, TRAP staining and immunohistochemistry
After euthanasia, the metatarsals were dissected free from the skin and fixed in 4% paraformaldehyde at 4°C overnight. The tissues were then washed in PBS and decalcified in 0.5 M EDTA (pH 7.4) for 7-10 days at 4°C prior to processing and embedding in paraffin. Sections (5 mm) were stained with hematoxylin and eosin, or with hematoxylin/Fast Green/Safranin-O. For quantification, the HC length was measured from control and treated samples (n=6). Data are presented as mean ± standard deviation (S.D.). Statistical analyses were performed using the Student's t-test.
For tartrate-resistant acidic phosphatase (TRAP) staining, sections were deparaffinized and stained for TRAP activity using a leukocyte acid phosphatase kit with Fast Red Violet as a substrate (Sigma, St Louis, MO). After incubation with the TRAP solution at 37°C for 1 hour, sections were washed in distilled water and counterstained with either hematoxylin or Methyl Green (Sigma). Mononucleated and multinucleated TRAP-positive cells were counted under the microscope at a 40ϫ magnification and expressed as the total number of TRAP-positive cells along the chondro-osseous junction. The counting was performed on a minimum of three mice per group, using both hind limbs, and using three to six different sections, with three metatarsals per section, for each hind limb. The results are expressed as the mean ± the S.E.M. Statistical analyses were carried out using the Student's ttest. GraphPad calculator was used to perform the tests.
For immunohistochemistry, the sections were deparaffinized, washed in PBS, quenched in either PBS and 3% H 2 O 2 for 5 minutes or in 0.3% H 2 O 2 in methanol for 30 minutes, then washed in PBS, and treated with 0.1% trypsin in PBS for 30 minutes. For MMP-9 immunohistochemistry, the sections were treated with ficin (Zymed Laboratories, Inc., South San Francisco, CA) for 15 minutes at ambient temperature. The slides were then treated with 0.1 M glycine in PBS for 30 minutes, washed in PBS, and blocked in PBS with 3% BSA for 30 minutes, then washed in PBS, and blocked in PBS with 5% normal serum for 2 hours. The sections were incubated with primary antibody diluted in PBS with 1 mg/ml of BSA at 4°C overnight. The slides were then washed in PBS, blocked in PBS with 5% normal serum for 30 minutes, then incubated with biotinylated secondary antibody for 1 hour, washed in PBS, and incubated with Vector Elite ABC reagent (Vector Laboratory, Burlingame, CA) for 1 hour, washed in PBS, and developed using DAB substrate. Rat monoclonal anti-mouse CD31 antibody (clone MEC 13.3, Pharmingen, San Diego, CA) was used at a dilution of 1:100; the rabbit anti-cleaved collagen II epitope antibody (rabbit anti-Col 3/4 polyclonal antibody, Hdm Diagnostics and Imaging, Toronto, Canada) was used at 1:800; the MMP-9 rabbit polyclonal antibody was used at 1:100 (Vu et al., 1998) ; and the rabbit antihuman VEGF antibody (Ab1, Neomarkers, Fremont, CA) was used at 1:100 on frozen sections with tyramide amplification (NEN, Boston, MA) and True Blue HRP substrate (KPL, Gaithersburg, MD).
Labeling of proliferative cells in vivo with BrdU
Mice were injected intraperitoneally with 10 mg/ml of BrdU (Sigma), at doses of 0.01 ml/g, 1 hour prior to sacrifice. Bones were fixed and processed for paraffin sections as above. Sections were immunostained with an antibody against BrdU using a kit from Zymed.
In situ hybridization
Sections were deparaffinized, treated with proteinase K (20 mg/ml) for 5 minutes at ambient temperature, and hybridized with 35 Slabeled antisense riboprobes in hybridization buffer (50% deionized formamide, 300 mM NaCl, 20 mM Tris-HCl pH 8.0, 5 mM EDTA, 0.5 mg/ml yeast tRNA, 10% dextran sulfate and 1ϫDenhardt's solution) in a humidified chamber at 55°C overnight. Following hybridization, the slides were treated with RNase A, washed to a final stringency of 50% formamide, 2ϫSSC at 60°C, then dipped in emulsion, exposed for 1-2 weeks, developed, and counterstained with hematoxylin and eosin. At the HC-bone junction, MMP-9 is secreted by mononucleated and multinucleated osteoclasts, as well as by other non-osteoclastic cells. MMP-9 can degrade the ECM leading to the release of VEGF sequestered in the HC. However, MMP-9 also has functions besides regulating VEGF bioavailability, such as ECM degradation and remodeling. VEGF can act on endothelial cells, as well as on mononucleated osteoclasts and osteoblasts. Besides MMP-9, osteoclasts also secrete other MMPs that can also cleave the ECM.
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RESEARCH ARTICLE VEGF western blotting and ELISA Growth plate HC was dissected, with or without perichondrium, from 14-day-old WT and MMP-9-/-mice and homogenized in RIPA buffer. The protein was quantified using a micro BCA assay (Pierce, Rockford, IL) and 40 mg of total protein of each sample was separated on a 10% Bis-Tris gel in MOPS running buffer (Novex Invitrogen, Carlsbad, CA) under non-reducing conditions, transferred onto a PVDF membrane, and blotted with an anti-mouse VEGF antibody recognizing all isoforms of VEGF (R&D Systems, Minneapolis, MN). For the measurement of VEGF by ELISA, growth plates from 14-day-old WT and MMP-9-/-mice were dissected, and the ossification fronts with the last rows of hypertrophic chondrocytes were isolated and incubated in DMEM/F12 under 5% CO 2 for 48 hours. Cultures were kept in 24-well plates, with 20 pieces of cartilage per well in 500 ml of culture medium. After 48 hours, the conditioned media were centrifuged and the VEGF content was quantified by using a murine VEGF ELISA kit (R&D Systems), according to the manufacturer's instructions.
TRANSLATIONAL IMPACT Clinical issue
Bone formation, remodeling and repair are important for skeletal function. Bone remodeling relies on maintaining a balance between bone formation and resorption. The dynamic bone structure is regulated by many bone tissue components, including the vasculature, the cells that deposite bone (osteoblasts), and the cells that resorb bone (osteoclasts). Bone repair recapitulates many of the pathways involved in normal bone formation and remodeling.
Disruption of the careful balance between bone formation and deposition leads to disease. Abnormal bone formation can result in malformed bones or ectopic bone formation. Too much bone formation causes osteopetrosis and too much bone resorption results in osteoporosis. Understanding the factors that regulate these processes would shed light on disorders of bone development, maintenance and repair, and may provide therapeutic targets.
Results
Matrix metalloproteinases (MMPs), which degrade extracellular matrix (ECM) proteins, and a cytokine that induces blood vessel growth, vascular endothelial growth factor (VEGF), work together with osteoclasts in bone formation, remodeling and repair. However, the integration of these different factors during endochondral ossification, a main process in bone growth, is not known. In this study, the authors analyze mice that lack MMP-9 and that also contain osteopetrotic mutations in genes that affect osteoclast development. MMP-9 targets the cartilage ECM and reduces VEGF bioavailability. Homeostasis of the osteoclast population at the growth plate depends on the level of both MMP-9 and VEGF. Osteoclasts are key regulators of growth plate dynamics because they express MMP-9 and other factors that are necessary for cartilage and bone resorption. These results elucidate some of the functional relationships among the components that regulate vascularization during endochondral ossification.
Implications and future directions
This study shows that cartilage vascularization and endochondral ossification depend on the integrated functions of MMP-9 and VEGF, together with osteoclasts, to regulate cartilage ECM remodeling and vascular growth. It is possible that disorders of bone formation involve dysregulation of these processes. This knowledge can also help build models of fracture repair, which utilize endochondral ossification to form new bone, to determine whether modulation of these factors promotes new bone formation and facilitates fracture repair with good functional restoration. doi:10.1242/dmm.005116
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